Abstract Adoptive immunotherapy for treatment of cancers and infectious diseases is often hampered by a high degree of variability in the Wnal T cell product and in the limited in vivo function and survival of ex vivo expanded antigen-speciWc cytotoxic T cells (CTL). This has stimulated interest in development of standardized artiWcial antigen presenting cells (aAPC) to reliably expand antigen speciWc CTL. However, for successful immunotherapy the aAPC ex vivo generated CTL must have anti-tumor activity in vivo. Here, we demonstrate that HLA-Ig based aAPC stimulated tumor-speciWc CTL from human peripheral blood T lymphocytes showed robust expansion and functional activity in a human/SCID mouse melanoma model. HLA-Ig based aAPC expanded CTL were detected in the peripheral blood up to 15 days after transfer. Non-invasive bioluminescence imaging of tumor bearing mice demonstrated antigen dependent localization of transferred CTL to the tumor site. Moreover, adoptive transfer of HLA-Ig based aAPC generated CTL inhibited the tumor growth both in prevention and treatment modes of therapy and was comparable to that achieved by dendritic cell expanded CTL. Thus, our data demonstrate potential therapeutic in vivo activity of HLA-Ig based aAPC expanded CTL to control tumor growth.
Introduction
Adoptive immunotherapy using antigen-speciWc CD8 + cytotoxic T lymphocytes (CTL) provides a promising approach for the treatment of cancers and infectious diseases [1] [2] [3] . One major obstacle to its broad application has been the lack of reproducible and cost eVective methods to generate clinically relevant numbers of antigen-speciWc CTL. Currently, adoptive immunotherapeutic approaches in patients with cytomegalovirus (CMV), human immunodeWciency virus (HIV), Epstein-Barr virus (EBV), and melanoma involve the infusion of T cells that have been expanded ex vivo using autologous dendritic cells (DC), virally infected B cells and/or allogenic feeder cells [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In addition to expensive and time consuming generation process for antigen presenting cells, these methods require up to several months to produce therapeutic numbers of antigen-speciWc T cells. Thus, great eVorts are being made to develop alternative culture protocols for adoptive immunotherapy [14] . Recently, we and others have developed artiWcial antigen presenting cells (aAPC) for generating large numbers of antigen-speciWc T lymphocytes. These aAPC include both cell-based technologies and acellular technologies such as genetically engineered insect cells, mouse Wbroblasts, human leukemia cell lines, exosomes, magnetic beads, and artiWcial liposomes [15, 16] . One of the important issues with all these methods is to optimize the generation of antigen-speciWc CTL with maximal therapeutic potential, which largely depends on the signals provided to T cells during ex vivo expansion.
Malignant melanoma is a tumor type in which adoptive immunotherapy holds signiWcant promise. In melanoma, several tumor-associated antigens have been recently identiWed as targets for immunotherapy [17] . The identiWcation of tumor-associated antigens has led to novel approaches to augment T cell mediated anti-tumor immune responses [12, [18] [19] [20] [21] [22] . Mart-1 (melanoma antigen recognized by T cells-1), belongs to the group of melanocyte diVerentiation antigens that has been used as a target antigen for several T cell based immunotherapeutic treatments because of its high immunogenicity and preferential expression on tumor cells [23] . Regression of metastatic melanoma has been reported in patients undergoing adoptive transfer therapy with highly speciWc tumor-reactive, Mart-1 speciWc T cells [10, 22, 24] showing the clinical potential of immunotherapies targeting this antigen. We have shown that aAPC, made by coupling HLA-Ig and anti-CD28 antibody to magnetic beads, compare favorably with autologous DC for generation of antigen-speciWc CTL from multiple donors [25] . However, the in vivo functional eYcacy of aAPC expanded CTL was not known. Therefore, we used HLA-Ig based aAPC to expand tumor speciWc CTL from peripheral blood T lymphocytes and tested their eYcacy in vivo.
Here, we demonstrate that aAPC-induced T cell cultures showed rapid expansion of tumor speciWc CTL with potent functional activity. aAPC expanded Mart-1 speciWc CTL could survive intact in vivo up to 2 weeks after transfer. We also show that, using non-invasive bioluminescence imaging of tumor bearing mice aAPC generated CTL traYc to the tumor site as early as 3 days after transfer in an antigendependent fashion. Simultaneous injections of aAPC generated Mart-1 speciWc CTL and HLA-A2 + Mart-1 expressing melanoma cells resulted in the inhibition of tumor growth in vivo, similar to that seen with DC expanded CTL. More importantly, adoptive transfer of aAPC expanded CTL into tumor bearing mice decreased the growth of established melanoma. Our data for the Wrst time demonstrate in real time the localization of aAPC-induced CTL at the tumor site and their ability to decrease the growth of established solid tumor in vivo. Together, these results suggest that tumorspeciWc CTL generated using HLA-Ig based aAPC are biologically competent and further highlight the potential clinical use of aAPC expanded CTL for the treatment of cancer. 
Materials and methods

Mice and tumor cells
Peptides
Peptides used in this study (Mart-1 [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] : ELAGIGILTV, and CMV-pp65 495-503 : NLVPMVATV) were synthesized by Commonwealth Biotechnologies, Inc. (Richmond, VA). The modiWed Mart-1 peptide (alanine to leucine at position 2) has been previously shown to have increased binding aYnity for HLA-A*0201 [27] . The purity (>98%) of each peptide was conWrmed by mass-spectral analysis and highpressure liquid chromatography.
Preparation of artiWcial antigen presenting cells aAPC were prepared by coupling HLA-A2 Ig and anti-CD28 human monoclonal antibody onto Dynabeads M-450 epoxy (Catalog # 140.11, Dynal Biotech Inc., Lake Success, NY) as per the established procedure in our laboratory [25] . For peptide loading, aAPC were incubated in a Wnal peptide concentration of 30 g/ml at 4°C for 24 h. aAPC were stored in the peptide solution at 4°C until use.
HLA-A2.1 + lymphocytes
The institutional ethics committee approved this study. All donors gave written informed consent before enrolling in the study. The blood was drawn from HLA-A2.1 + healthy individuals and peripheral blood mononuclear cells (PBMC) were separated by BD VacutainerCPT cell preparation tube (Becton-Dickinson, Franklin Lakes, NJ).
In vitro generation of dendritic cells
Monocytes were isolated from PBMC using CD14 + microbeads (Miltenyi Biotec, Auburn, CA). The CD14 + cells were cultured in complete RPMI 1640 medium supplemented with 3% autologous serum, 100 ng/ml human granulocyte-macrophage colony-stimulating factor (R&D Systems, Inc., Minneapolis, MN), 50 ng/ml IL-4 (R&D Systems), and 5 ng/ml transforming growth factor-1 (R&D Systems). After 6 days of culture, 100 ng/ml lipopolysaccharide (Sigma) was added for 24 h to mature the DC [28] . The mature DC displayed typical cell surface markers of DC such as CD1a + , CD14 ¡ and CD86 + . For peptide loading, DC were harvested, washed thrice and incubated with 30 g/ml peptide in complete RPMI 1640 medium.
Generation of antigen speciWc cytotoxic T lymphocytes
CD8
+ T lymphocytes were enriched from PBMC of HLA-A2 + donor by negative selection using a CD8 + T cell isolation kit (Miltenyi Biotec, Auburn, CA). The enriched CD8 + T cells (>90%) were used for generation of antigen-speciWc CTL, according to the established method in our laboratory [25] . BrieXy, puriWed CD8 + T cells (2 £ 10 4 cells/well) were cultured with aAPC (2 £ 10 4 beads/well) or DC (1 £ 10 4 cells/well) loaded with either Mart-1 or CMVpp65 peptide in complete RPMI 1640 medium supplemented with 5% autologous serum and 3% T cell growth factor (TCGF) in a 96-well plate at 37°C in a 5% CO 2 incubator. TCGF was prepared as described earlier [29] . The T cells were restimulated with peptide pulsed aAPC or DC once a week for 4 weeks, as mentioned above. CD8 + T cells having 50-70% speciWcity for Mart-1 antigen (referred to hereafter as Mart-1 speciWc CTL) as determined by tetramer staining were used in all the experiments in this study. CMV-pp65 speciWc CTL (CD8 + T cells with >90% speciWcity for CMV-pp65 antigen) were used as a negative control.
Flow cytometric analysis
The antigen speciWcity of the CTL was tested by staining with anti-human CD8 monoclonal antibody (clone UCHT-4, Sigma-Aldrich) and HLA-A2 tetramer loaded with either Mart-1 peptide (hereafter referred as Mart-1 tetramer) or CMV-pp65 peptide (hereafter referred as CMV-pp65 tetramer) (Beckman Coulter Inc., San Diego, CA). For phenotypic analysis, the cells were stained with anti-human CD8 antibody and the antibodies against CD45RA (clone HI100), CD45RO (clone UCHL1), CD62 ligand (clone Dreg-56) and CCR7 (clone 3D12). All antibodies against surface markers were purchased from BD Biosciences, San Diego, CA. Samples were analyzed using a FACScalibur Xow cytometer and CELLquest software.
Analysis of in vitro eVector functions 51 
Cr-release assay
The cytotoxic activity of antigen speciWc CTL was measured as follows. HLA-A2 + and HLA-A2 ¡ melanoma cell lines were pulsed with 51 Cr (Catalog # CJS4, Amersham Biosciences, Piscataway, NJ) for 1 h at 37°C in a 5% CO 2 incubator and used as targets. The Mart-1 speciWc CTL were incubated with 51 Cr-pulsed melanoma cells (HLA-A2 + or HLA-A2 ¡ ) for 4 h at 37°C. DiVerent eVector to target (E/T) ratios were used with 2,000 target cells/well. The targets plated without T cells and targets with 0.2% Triton X-100 were used as spontaneous release and maximum release, respectively. After the incubation, the supernatants were collected and dried in a scintillator containing Lumaplate-96 (Catalog # 6006633, PerkinElmer Life Sciences, Shelton, CT) overnight. The radioactivity was measured using a TopcountNXT Microplate Scintillation & Luminescence Counter (Packard Instrument Company, Downers Grove, IL). Triplicate wells were averaged and the percentage of antigen speciWc cytotoxicity was calculated as follows: percent speciWc killing = (sample release ¡ spontaneous release)/(maximum release ¡ spontaneous release) £ 100.
Cytometric bead array
To analyze the eVector cytokines production upon activation by endogenous antigen on the tumor cells, the Mart-1 speciWc CTL (2 £ 10 5 /well) were incubated alone or were stimulated with either HLA-A2 + or HLA-A2 ¡ melanoma cells (2 £ 10 5 /well) for 6 h at 37°C. After the incubation, the culture supernatants were collected and tested for IL-2, IL-4, IL-5, IL-10, TNF-and IFN-using cytometric bead array (Human Th1/Th2 cytokine kit, BD Biosciences) according to the manufacturer's recommendations.
Analysis of survival of Mart-1 speciWc CTL in vivo SCID mice were injected subcutaneously (s.c.) with HLA-A2 + melanoma cells (1 £ 10 7 cells/mouse) for tumor induction. After 2 weeks (tumor size about 25-50 mm 2 ), the mice were transferred intravenously (i.v.) in the tail vein with Mart-1 speciWc CTL (5 £ 10 6 cells/mouse). CMVpp65-speciWc CTL was used as a negative control. (The number of antigen-speciWc CTL used in this and other in vivo experiments was based on our preliminary experiments.) All mice received two injections of recombinant human IL-2 (rhIL-2) (2 £ 10 5 IU/mouse) (Chiron Corporation, Emeryville, CA) intraperitoneally (i.p.) on days 0 and 2. Blood was drawn serially before and on 7, 15 and 21 days after transfer and Xow cytometric analysis was done by staining the peripheral blood lymphocytes with anti-human CD8 antibody.
Production of lentivirus with luciferase gene and transduction of Mart-1 speciWc CTL Lentivirus pseudotyped with vesicular stomatitis virus G (VSV-G) envelope was generated by transfection of 293T cells using lipofectamine 2000 (Invitrogen, Carlsbad, CA) as previously described [30] . The viral supernatants were collected and Wltered through 0.45-m Wlters to remove cell debris and frozen in aliquots at ¡80°C. If necessary, viral supernatants were concentrated using centrifugal Wlter devices [Centricon Plus-20 (MW CO 100, 000), Millipore Corporation, Bedford, MA]. The viral titers were determined by transduction of 293T cells (1 £ 10 5 cells per well in 6-well plate) with serially diluted viral supernatants in the presence of 8 g/ml of polybrene (Sigma-Aldrich). Transducing units (TU) were calculated based on numbers of transduced GFP + cells analyzed by Xow cytometry. The viral titer was typically in between 2 and 3 £ 10 6 TU/ml. For transduction of antigen speciWc CTL, the puriWed CD8 + T cells were cultured with Mart-1 peptide loaded aAPC for 4 days. Then the cells (2.5 £ 10 5 ) were collected, mixed with 1 ml of viral supernatant in the presence of polybrene (8 g/ml) and centrifuged at 3000 rpm for 3 h at room temperature. After centrifugation, the supernatant was aspirated; the cells were resuspended in a fresh complete RPMI 1640 medium and cultured with peptide loaded aAPC as described above to expand Mart-1 speciWc CTL transduced with luciferase gene. Approximately, 15-30% of total CD8 + T cells were positive for GFP after 48 h of transduction, as analyzed by Xow cytometry (data not shown). The luciferase activity of transduced cells was determined using Bright-Glo system (Promega Corporation, Madison, WI). BrieXy, the cells (1 £ 10 6 ) were lysed with Glo lysis buVer, D-Luciferin substrate was added and luciferase activity was measured using a TopCount luminescence counter (Packard).
In vivo bioluminescence imaging SCID mice were injected s.c. with HLA-A2 + (1 £ 10 7 cells/ mouse) for the induction of tumor growth. HLA-A2
¡ melanoma was used as a negative control. After 2 weeks (tumor size about 25-50 mm 2 ), the mice were adoptively transferred i.v. in the tail vein with luciferase transduced Mart-1 speciWc CTL (1 £ 10 7 cells/mouse). In addition, these mice received two injections of rhIL-2 (2 £ 10 5 IU/mouse) i.p. on days 0 and 2. All the mice were injected i.p. with D-Luciferin substrate (300 mg/Kg body weight) (Catalog # XR-1001, Xenogen Corporation, Alameda, CA) and in vivo imaging was done after 15 min using a Xenogen IVIS200 equipped with XGI-8 gas anesthesia system and Living Image Software (Xenogen Corporation).
Adoptive transfer of Mart-1 speciWc CTL and its eVects on the tumor growth in vivo SCID mice (n = 4-5) were transferred i.v. with aAPC generated Mart-1 speciWc CTL (3 £ 10 6 cells/mouse) and challenged s.c. with HLA-A2 + melanoma cells (1 £ 10 7 cells/ mouse) on the same day. CMV-pp65 speciWc CTL was used as a negative control.
All mice received two injections of rhIL-2 (2 £ 10 5 IU/ mouse) i.p. on days 0 and 2. These mice were followed for induction of tumor growth and tumor size was measured using a caliper and the products of perpendicular diameters were determined. In addition, upon termination of the experiment, tumor was removed from all groups of mice and tumor weight was taken. In another set of experiments, DC-expanded Mart-1 speciWc CTL was used as a positive control to compare the eYcacy of aAPC generated Mart-1 speciWc CTL in controlling tumor growth.
For treatment experiments, SCID mice were injected s.c. with HLA-A2 + melanoma cells (1 £ 10 7 cells/mouse) for tumor induction. After 2 weeks (tumor size about 25-50 mm 2 ), the mice were infused i.v. in the tail vein with aAPC generated Mart-1 speciWc CTL (3 £ 10 6 cells/ mouse) and were injected with two doses of rhIL-2 (2 £ 10 5 IU/mouse) i.p. on days 0 and 2. CMV-pp65 speciWc CTL was used as a negative control. Thereafter tumor size was recorded as mentioned above.
Statistical analysis
The data were analyzed using two tailed Student's t test and Wilcoxon rank sum test.
Results
Generation, phenotypic and functional characterization of Mart-1-speciWc CTL To test the in vivo functional activity of HLA-Ig based aAPC expanded tumor speciWc CTL, the HLA-A2 restricted peptide derived from melanoma-associated antigen, Mart-1 was chosen as a model antigen. CD8 + T cells isolated from peripheral blood mononuclear cells (PBMC) of healthy individuals were stimulated with Mart-1 peptide loaded aAPC and tested for their antigen speciWcity and level of expansion. After four rounds of in vitro stimulation, 55.5% of total CD8 + T cells were Mart-1 speciWc (Fig. 1a) . Starting with a population of 10 £ 10 6 total CD8 + T cells, that were less than 0.1% speciWc, approximately 50 £ 10 6 Mart-1 speciWc CTL could be generated within a month. This rapid expansion of Mart-1 speciWc CTL was seen consistently in several donors tested (Table 1) .
We then characterized the phenotype of aAPC expanded CTL. After 4 weeks, the aAPC generated T cells were largely CD3
+ CD8 + cells with more than 93% of the cells expressing the memory cell marker CD45RO, but were negative for CD45RA. Further analysis showed that 22% of the cells within total CD8 + T lymphocytes expressed CD62 ligand, and only 3% of the cells expressed CCR7. Thus, the aAPC expanded CTL were CD45RA ¡ , CD45RO + , CCR7 Another important parameter for adoptive immunotherapeutic use is the ability of aAPC generated CTL to recognize tumor cells that express low amounts of endogenous antigen on their surface. We therefore stimulated aAPC-induced Mart-1 speciWc CTL with tumor targets expressing endogenous Mart-1 antigen and tested their cytotoxic activity and cytokines secretion proWle using 51 Cr release assay and cytometric bead array, respectively. Mart-1 speciWc CTL showed dose dependent lysis of HLA-A2 + melanoma targets, 27% of speciWc lysis was seen at an eVector to target ratio of 33:1; whereas control HLA-A2
¡ melanoma cells were not lysed (Fig. 1b) . Furthermore, Mart-1 speciWc CTL produced both Tc1 and Tc2 type cytokines including IFN-, IL-2, IL-4 and IL-5 upon stimulation with HLA-A2 + melanoma targets, whereas control HLA-A2
¡ melanoma targets did not. Lower amounts of TNF-and IL-10 were elicited by the HLA-A2 + tumor cells (Fig. 1c) . None of the cytokines were produced either by T cells alone or by HLA-A2 + or HLA-A2
¡ melanoma cells alone (data not shown). Overall, the results demonstrate that aAPC can eYciently induce and expand antigen speciWc CTL against melanoma associated antigen, Mart-1 and these aAPC-induced CTL have the characteristics of eVector memory CD8 + T cells with the ability to show potent anti-tumor eVector functions in vitro.
Survival of aAPC generated Mart-1 speciWc CTL in vivo
In order to exert their anti-tumor functions in vivo, adoptively transferred antigen speciWc CTL must have the ability to survive without undergoing apoptosis. We therefore monitored the fate of adoptively transferred Mart-1 speciWc CTL in the peripheral blood at diVerent time points after transfer into tumor bearing mice. PBMC obtained immediately before and 7, 15 and 21 days after infusion were analyzed for the presence of transferred CTL. Our results (Fig. 2) show that 7% of transferred CTL could be detected in the blood, 7 days after the infusion. Further increase in the number of CD8 + T cells (10-12%) was observed on day 15 which decreased to 2% by day 21; suggesting the disappearance of transferred CTL in the blood after 2 weeks of transfer. In contrast, noncognate CMV-pp65-speciWc CTL could not be detected in the blood after the transfer into tumor bearing mice and Mart-1 speciWc CTL could not be detected in mice bearing A2-negative tumors (data not shown). Thus, our data show that aAPC expanded Mart-1 speciWc CTL could survive in vivo and furthermore the survival and persistence of transferred Mart-1 speciWc CTL were antigen-dependent.
Localization of aAPC expanded Mart-1 speciWc CTL at the tumor site
To visualize the kinetics of CTL traYcking in living tumor bearing animals, bioluminescence imaging was performed using aAPC-induced Mart-1 speciWc CTL, transduced with luciferase gene (Mart-1-Luc CTL). The schematic diagram of lentiviral vector used in this study is shown in Fig. 3a . The Mart-1-Luc CTL was tested for their in vitro luciferase activity before their adoptive transfer into tumor bearing mice. The results (Fig. 3b) demonstrate the dose dependent activity of luciferase in the cell lysates. SCID mice were injected s.c. with HLA-A2 + or HLA-A2 ¡ melanoma cells and after 2 weeks, Mart-1-Luc CTL were transferred i.v. into tumor bearing mice. The mice were then injected i.p. with D-Luciferin substrate and images were taken. The results show that independent of the melanoma type (HLA-A2 + or HLA-A2 ¡ ), Mart-1-Luc CTL could be detected in the lungs, the predominant site of harboring T cells after intravenous injection at 4 h posttransfer but at that time did not localize to the tumor (Fig. 3c) . The initial localization of adoptively transferred T cells to the lungs has been observed in diVerent animal models as well as in humans [31] [32] [33] . Interestingly, imaging after 3 days of transfer demonstrated that the Mart-1-Luc CTL preferentially accumulated at the tumor site in the HLA-A2 + melanoma tumor bearing mice, whereas at that time CTL did not localize to the HLA-A2 ¡ melanoma (Fig. 3c) . Mart-1-Luc CTL could no longer be detected on day 7 (Fig. 3c ) and day 15 (data not shown) after infusion. No luminescence signals were detected in untreated tumor bearing mice in any of the days tested (data not shown). Together, these results show that adoptively transferred aAPC generated tumor speciWc CTL were able to track to the tumor site in an antigen-dependent manner.
We also tested the intratumoral localization of aAPC generated Mart-1 CTL. Mart-1 or CMV speciWc CTL were infused i.v. into tumor bearing mice and on day 3, the tumor samples were harvested and tested for the presence of human CD8 + T cells. The results (Fig. 3d) show the presence of transferred human CD8 + T cells (Mart-1 speciWc CTL) only in the HLA-A2 + tumor tissue but not in the HLA-A2 ¡ tumor. In contrast, the transferred CMV speciWc CTL did not localize to the HLA-A2 + tumor site (Fig. 3d ). Our data demonstrate that localization to the tumor was dependent on both the tumor expressing the appropriate HLA-A2 complex, and CTL being antigen-speciWc and HLA-A2 restricted. Thus intratumoral localization of aAPC generated Mart-1 speciWc CTL is antigen speciWc.
aAPC generated Mart-1 speciWc CTL inhibit the growth of melanoma in vivo
To analyze the eVects of adoptively transferred Mart-1 speciWc CTL on the onset and growth of melanoma in vivo, SCID mice were transferred i.v with Mart-1 speciWc CTL and injected s.c. with HLA-A2 + melanoma cells on the same day for prevention studies. Mice injected with Mart-1 speciWc CTL showed a marked reduction in HLA-A2 + melanoma tumor growth (P < 0.025) when compared to untreated or CMV speciWc CTL treated groups (Fig. 4a) . Mart-1 speciWc CTL-treated mice had a 2-3-fold decrease in tumor growth on day 36 as compared to controls, while there was no signiWcant diVerence in the tumor growth between the control groups. Moreover, transfer of Mart-1 speciWc CTL delayed tumor progression for about 15 days when compared to controls. As expected, adoptive transfer of Mart-1 speciWc CTL did not have any signiWcant eVect on the HLA-A2
¡ melanoma tumor growth in vivo (data not shown).
To further test the eVect of Mart-1 speciWc CTL on the tumor burden, tumor mass was removed and the weight was determined. Figure 4b shows that the mice treated with Mart-1 speciWc CTL had a signiWcantly decreased tumor weight, 4-5-fold in the mice injected with Mart-1 speciWc CTL, when compared to controls. However, the diVerence in the tumor weight between the control groups of mice was not signiWcant. These results demonstrate that aAPC generated Mart-1 speciWc CTL were able to inhibit the tumor growth in vivo.
Fig. 3
In vivo tracking and localization of aAPC expanded Mart-1 speciWc CTL. a The lentiviral vector used in this study was HIV-1 based self-inactivating vector containing internal human elongation factor 1 (EF1 ) promoter. L3.GFP was designed to express luciferase gene and GFP gene in the single construct where the expression of GFP is directed by IRES. b The generation of luciferase gene transduced Mart-1 speciWc CTL is described in detail in "Materials and methods". The luciferase transduced Mart-1 speciWc CTL (1 £ 10 6 cells) were lysed using lysis buVer, D-Luciferin substrate was added and the luminescence was measured using Xenogen IVIS200. The luciferase activity in the total cell lysate is shown. Samples: 1 buVer, 2 untransduced cell lysate, 3 10 l, 4 25 l, and 5 100 l of transduced cell lysates. c SCID mice were injected s.c. with HLA-A2 + melanoma to induce tumor growth and after 2 weeks, luciferase transduced Mart-1 speciWc CTL (1 £ 10 7 cells/mouse) were transferred i.v. into tumor bearing mice. These mice also received rhIL-2 (2 £ 10 5 IU/mouse) on days 0 and 2.
HLA-A2
¡ melanoma bearing mice and HLA-A2 + tumor bearing mice without any T cell transfer served as an additional control. All the mice were injected i.p. with D-Luciferin substrate (300 mg/Kg body weight) and in vivo images were taken after 15 min using Xenogen IVIS 200. Similar results were seen with repeat experiments. d Tumor bearing (HLA-A2 + or HLA-A2 ¡ ) SCID mice were adoptively transferred with Mart-1 or CMV-pp65 speciWc CTL as mentioned above. On day 3, tumor samples were harvested, single cell suspension were made and stained with anti-human CD8 antibody. Flow cytometric analysis was performed Anti-tumor eYcacy of aAPC expanded CTL was comparable to DC generated CTL Current adoptive immunotherapy approaches often use autologous peptide-pulsed DC to induce and expand antigen speciWc CTL. We therefore compared the eYcacy of aAPC expanded Mart-1 speciWc CTL with that of the DCexpanded CTL in the tumor prevention model. Adoptive transfer of equal numbers of either aAPC or DC expanded Mart-1 speciWc CTL decreased the tumor growth signiWcantly (P < 0.025) when compared to untreated group (Fig. 5a ). The eVect of aAPC expanded Mart-1 speciWc CTL on the tumor growth was similar to the eVect mediated by DC expanded CTL. In addition, Fig. 5b shows that mice transferred with aAPC or DC expanded Mart-1 speciWc CTL had a reduced tumor weight that was statistically signiWcant when compared to untreated mice. The tumor weight was 4-5-fold less in CTL treated groups when compared to controls. These results demonstrate that aAPC generated Mart-1 speciWc CTL were able to inhibit the tumor growth in vivo, similar to DC expanded CTL. It further suggests that aAPC provide a technical advantage for the Fig. 4 Pre-treatment of aAPC generated Mart-1 speciWc CTL inhibits the growth of melanoma in SCID mice. a SCID mice (n = 4) were infused i.v. with aAPC expanded Mart-1 speciWc CTL (3 £ 10 6 cells/ mouse) and injected s.c. with HLA-A2 + melanoma cells on the same day. All mice received rhIL-2 (2 £ 10 5 IU/mouse) on days 0 and 2. Untreated mice and CMV-pp65 speciWc CTL treated mice were used as negative controls. [In vitro characterization of aAPC-induced CMVpp65 speciWc CTL showed dose dependent lysis of target cells expressing endogenous antigen, documenting their antigen dependent eVector functions (data not shown)]. After the transfer, all mice were monitored for the subcutaneous growth of melanoma as described. The products of perpendicular diameters are shown as mean § SD. The diVerence in tumor growth between mice transferred with Mart-1 speciWc CTL and the control groups was statistically signiWcant (* P < 0.025) as determined by Wilcoxon rank sum test. b After checking the tumor growth in diVerent groups of mice as mentioned above (Fig. 4a) , tumor was dissected out from all the mice and weight was determined. The diVerence in the mean tumor weight between the experimental and the control groups was statistically signiWcant by Student's t test (* P < 0.05). Both experiments were repeated at least three times Anti-tumor eYcacy of aAPC generated Mart-1 speciWc CTL was comparable with DC based expansion. a SCID mice (n = 4-5) were transferred i.v. with equal number of Mart-1 speciWc CTL (3 £ 10 6 cells/mouse) expanded using either aAPC or DC. Mice were also injected s.c. with HLA-A2 + melanoma cells on the same day. These mice received rhIL-2 (2 £ 10 5 IU/mouse) on days 0 and 2. Untreated mice were used as a control. All mice were monitored for tumor growth and the tumor size was recorded. The diVerence obtained in tumor growth between mice transferred with aAPC or DC expanded Mart-1 speciWc CTL and control groups was statistically signiWcant (* P < 0.025) as determined by Wilcoxon rank sum test. b After measuring the tumor growth, tumors were harvested and weight was determined at the end of the experiment. The diVerence in the tumor weight between the aAPC or DC expanded Mart-1 speciWc CTL treated and control groups was statistically signiWcant by Student's t test (* P < 0.05) The treatment of established solid tumor is more diYcult to achieve but is essential in most tumor immunotherapy settings. As a proof of principle, we evaluated the eYcacy of aAPC-induced Mart-1 speciWc CTL in controlling the growth of an established subcutaneous tumor. SCID mice were injected with HLA-A2 + melanoma and after 2 weeks these mice were infused i.v. with antigen speciWc CTL. Adoptive transfer of Mart-1 speciWc CTL into the tumorbearing mice signiWcantly (P < 0.025) suppressed the growth of melanoma as compared to untreated or CMVpp65 speciWc CTL treated groups (Fig. 6) . The tumor growth was delayed about 10-15 days, with a twofold decrease in the tumor size in the mice treated with Mart-1 speciWc CTL. In contrast, no diVerence was seen in tumor growth between the untreated and control CMV-speciWc CTL treated groups. Thus, our data show that adoptive transfer of aAPC-induced Mart-1 speciWc CTL can signiWcantly reduce established solid tumor growth.
Discussion
We studied the ability of HLA-Ig based aAPC to generate tumor speciWc CTL with in vivo anti-tumor activity for determining the potential clinical uses of aAPC-induced CTL in adoptive immunotherapy. We demonstrated here that HLA-Ig based aAPC could induce and expand therapeutic numbers of tumor speciWc CTL against Mart-1 with in vivo functional activity. aAPC expanded CTL could survive in vivo for several days. Furthermore, our study provides evidence that aAPC expanded CTL can localize preferentially to the tumor site in an antigen-speciWc fashion. We also show that adoptive transfer of Mart-1 speciWc CTL into mice resulted in the inhibition of tumor growth, both in prevention and treatment modes of therapy. Furthermore, the in vivo eYcacy of aAPC expanded CTL was similar to the in vivo eYcacy of DC expanded CTL. In addition, while the current aAPC preferentially induce eVector memory T cells, the Xexibility of the system enables one to exchange or add other costimulatory molecules, which may allow for generation of diVerent T cells subsets, such as central memory T cells. Thus, HLA-Ig based aAPC represent a versatile technology useful for expanding antigen speciWc cells without a loss in functional eYcacy. These Wndings highlight the potential clinical uses of aAPC-induced CTL in adoptive immunotherapy.
The phenotype of ex vivo expanded CTL is largely dependent on the signals delivered during CTL activation. In vitro characterization showed that aAPC generated Mart-1 speciWc CTL had the characteristics of eVector memory T cells (CD45RA ¡ , CD45RO + , CCR7 ¡ and CD62L +/¡ ). Furthermore, in addition to killing of HLA-A2 + melanoma targets in vitro, they produced signiWcant amounts of both Tc1 and Tc2 eVector cytokines such as IFN-, IL-2, IL-4, and IL-5 upon activation by endogenously processed antigen on tumor cells. The eVector memory cells have the capacity to migrate to nonlymphoid tissues [34] [35] [36] and selective homing of memory cells to human tumors has also been demonstrated [37, 38] . The absence of appropriate homing receptors and the ineYcient traYcking of antigen speciWc CTL to the site of pathology has been reported in patients with CMV, EBV and HIV infections [39] . The eVector memory T cells were shown to produce IFN-, IL-4 and IL-5 within hours following antigenic stimulation [40] . The Wnding that eVector memory CD8 + cells can make both Tc1 and Tc2 cytokines, IFN-, IL-4 and IL-5, has also been reported for DC-based ex vivo expansion [41] . Thus, aAPC-induced CTL in addition to their rapid and robust expansion, have the ability to show rapid eVector functions upon their encounter with tumor cells.
The survival of transferred antigen speciWc CTL in the recipients is crucial for the success of adoptive T cell therapy. By serial analysis of peripheral blood, we obtained a + melanoma cells for induction of tumor growth. After 2 weeks, these mice were infused i.v. with Mart-1 speciWc CTL (3 £ 10 6 cells/mouse) and were also injected with rhIL-2 (2 £ 10 5 IU/ mouse) on days 0 and 2. Untreated mice and CMV-pp65 speciWc CTL treated mice served as controls. Thereafter, all mice were assessed for tumor growth. The products of perpendicular diameters were determined and expressed as mean § SD. The diVerence in the tumor growth between Mart-1 speciWc CTL treated group and the control groups was statistically signiWcant (* P < 0.025) as analyzed by Wilcoxon rank sum test. Data shown is representative of two independent experiments * clear kinetics pattern of the frequency of transferred CTL in the treated tumor bearing mice. Our data show that the infused CTL were detectable in the blood for up to 15 days in the tumor bearing mice. Results from previous studies on the fate of transferred CTL are quite variable, ranging from no detectable CTL immediately after transfer [42, 43] to survival of CTL for several days [9, 44] . Two recent clinical studies where transferred Mart-1 CTL [13, 22] with low dose IL-2 were seen in the blood up to 14 days in melanoma patients also supports persistence of CTL. These variable results might be attributed to diVerence in the dose of IL-2 used or lack of CD4 + T cell help. The importance of IL-2 supplementation and CD4 + T cell help for the survival and persistence of adoptively transferred T cells has been documented [4, 7, 13] . Considering the fact that aAPCinduced CTL had relatively long term survival ability in xenogenic recipients (SCID mice), in the presence of CD4 + T cells help and supplementation of several doses of IL-2 in patients, these CTL might be able to survive even longer, upon infusion. Thus, our data suggest that the aAPCinduced CTL do not undergo apoptosis immediately after transfer and can survive intact for at least 2 weeks in the tumor bearing mice.
The homing of antigen-speciWc CTL to the tumor site is an important requirement for in vivo CTL anti-tumor function. Noninvasive, bioluminescence imaging was used to characterize the traYcking kinetics and tumor localization of transferred Mart-1 speciWc CTL. We found that the CTL distributed initially to the lungs as reported in several studies [22, [31] [32] [33] , however the CTL were able to localize at the site of HLA-A2 + melanoma tumor as early as 3 days after transfer. It was further conWrmed by FACS analysis that the intratumoral localization of aAPC expanded CTL was antigen dependent. Similar observations were made in human studies when DC expanded Mart-1 speciWc CTL were infused into melanoma patients [45] . Very few studies have attempted to analyze the traYcking and localization of transferred T cells at the tumor site [22, 45, 46] . These reports have used diVerent methods for detection of infused T cells at the tumor site, such as radioactive labeling of T cells before transfer, Xow cytometric analysis of transferred cells by staining the surface markers, etc. These methods utilize endpoint analysis, requiring tumor biopsies from animal/patient and do not reveal the kinetics of transferred cells within the same animal/patient. However, our data demonstrate the kinetics and localization of aAPC-induced tumor speciWc CTL at the tumor site within same animal and that this accumulation was antigen dependent. In our study, the transferred CTL could not be detected 7 days after transfer in the tumor bearing mice using bioluminescence imaging. While, our Xow cytometric analysis showed the presence of these cells in the peripheral blood up to 2 weeks after transfer (Fig. 2) , the absence of luciferase transduced CTL after 7 days of infusion could be due to the decreased expression of the luciferase gene over time in vivo as suggested by Morgan et al. [47] . Overall, our data highlight the ability of HLA-Ig based aAPC to expand therapeutically active T cells that track to and therefore control the tumor growth.
In terms of therapeutic eYcacy, we observed that adoptive transfer of aAPC-induced Mart-1 speciWc CTL decreased the tumor growth signiWcantly in both prevention and treatment experiments. Various groups have reported the importance of IL-2 for survival and function of transferred CTL in vivo in both animal models [48] [49] [50] and in patients [45] . The infusion of ex vivo expanded tumor speciWc T cells have been found to mediate tumor regression successfully in patients with metastatic melanoma in diVerent settings [10, 11, 22, 45, 47] . In all these studies, tumor speciWc CTL were infused several times at weekly intervals followed by multiple doses of IL-2 to achieve tumor regression. In our study, a single transfer of CTL followed by two injections of IL-2 was still able to reduce the tumor growth signiWcantly. Thus, the eVect of aAPC-induced CTL on the tumor growth could be enhanced in a clinical setting by increasing the frequency of T cell transfer along with injection of multiple doses of IL-2. Moreover, concurrent transfer of tumor speciWc CD4 + T cells might further improve CTL survival and function. Although several models of artiWcial antigen presenting cells (aAPC) have been reported for expansion of antigen speciWc T cells [15] , this is the Wrst study to show the in vivo eYcacy of aAPC expanded CTL in control of solid tumor growth.
The fact that either aAPC or DC generated Mart-1 speciWc CTL could not eliminate the tumor completely in our study may be due to the lack of CD4 help in SCID mice. While the human/SCID models are by their nature only partially reconstituted immune responses; they are proven to be useful in evaluating the therapeutic eYcacy of adoptively transferred human tumor speciWc T cells. These models have been used extensively in studying adoptive immunotherapeutic treatment approaches for diseases including, but not limited to, EBV-associated lymphoma, B cell lymphoma, adenocarcinoma and melanoma [31, 48, 49, [51] [52] [53] . Anti-tumor eYcacy of adoptively transferred CTL has been demonstrated in other immunocompetent animal models such as pmel-1 CD8
+ antigen speciWc cells in C57BL/6 host [50, 54] . The functional eYcacy of aAPC activated pmel-1 T cells is currently under investigation in our laboratory.
Our data show that HLA-Ig based aAPC, in addition to their capacity to support large scale production, can generate tumor speciWc CTL with in vivo biological functions; thereby suggesting the potential clinical applications of aAPC-induced CTL in adoptive immunotherapy. While some of the components for aAPC generation such as the anti-CD28 mAb and the magnetic bead are already available as a GMP product, for clinical grade aAPC it will be necessary to develop GMP grade HLA-A2-Ig as well. Nevertheless these Wndings help to overcome logistical limitations associated with generating clinically relevant numbers of antigen speciWc CTL with therapeutic potential for adoptive immunotherapy. Therefore, this new aAPC-based approach has the potential to replace currently used protocols to generate tumor speciWc CTL,which will help make adoptive immunotherapy a more viable and reliable approach for cancer treatment.
